Abstract: This paper aims to illustrate and test a method, based on the Two-Dimensional Continuous Wavelet Transform (2D-CWT), developed to extract the wind directions from the Synthetic Aperture Radar (SAR) images. The knowledge of the wind direction is essential to retrieve the wind speed by using the radar-backscatter versus wind speed algorithms. The method has been applied to 61 SAR images from different satellites (Envisat, COSMO-SkyMed, Radarsat-2 and Sentinel-1A,B), and the results have been compared with the analysis wind fields from the European Centre for Medium-range Weather Forecasts (ECMWF) model, with in situ reports and with scatterometer data when available. The 2D-CWT method provides satisfactory results, both in areas a few kilometres from the coast and offshore. It is reliable as it produces good direction estimates, no matter what the characteristics of the SAR are. Statistics reports a success in the SAR wind direction estimates in 95% of cases (in 83% of cases the SAR-ECMWF wind direction difference is < ±20 • , in 92% < ±30 • ) with a mean directional bias B θ < 7 • . The SAR derived wind directions cannot be said to be validated, as the data available at present cannot be really representative of the wind field in the coastal area. However, the figures given by SAR winds are highly valuable even not properly validated, providing an independent and unique view of the spatial variability of the wind over the sea, which is possible by using the 2D-CWT method to derive the wind directions.
Introduction
The possibility to get the wind field from the Synthetic Aperture Radar (SAR) images is extremely important in coastal areas (let's say the areas within ≈ 20 km from the coast), which are not covered at present by satellite wind data. Close to coasts, the wind fields are often not well reproduced by both global and regional atmospheric models [1, 2] , due to the interaction between the wind flow and the orography. Furthermore, in coastal areas, the model winds are seldom validated, due to the lack of in situ winds' observations.
The only sensor able to provide information about the spatial variability of the wind over coastal areas at high spatial resolution is SAR: just looking carefully at the radar backscatter, an experienced eye is able to infer qualitatively the areas where the wind is stronger and often, looking to the backscatter signatures' layout, to also infer the wind direction.
SAR images of the sea provide evidence of a large set of geophysical phenomena: besides oceanographic features related to wind waves and swell, ocean internal waves and sea currents, atmospheric phenomena related to the wind rolls [3] [4] [5] [6] [7] and atmospheric gravity waves [8] , not all of them locally related each other. These phenomena have different spatial scales and spatial layouts, besides being located in different areas, and often are all present in a SAR image.
Modulation of the radar backscatter due to the wind reflects the spatial properties of the wind itself, which depend on many factors as the wind speed, the air stability conditions, interaction with orography and so on; the spatial properties of the wind are related to their temporal characteristics, the only extensively studied [9, 10] .
A valuable technique to extract information of only one of them must be able to select its location and the spatial scales. In other words, we need mathematical tools able to provide the spatial characteristics of the phenomena of interest and to preserve the geographic information. This tool is the 2D Continuous Wavelet Transform (hereafter 2D-CWT), a powerful technique developed in the late 1980s [11, 12] , able to provide the energy-wavelength information as a function of the location. Applied to SAR images, this method has been used in a quasi 2D version [13, 14] , providing interesting results with, however, important shortcomings. With respect to these works, this paper uses the full 2D-CWT, at that time not available, which makes the method more robust, solving the shortcomings made evident by using the quasi 2D version of CWT; moreover, it is focused on coastal areas and deals with much more images (61 vs. 21) from different satellites than the previous papers.
The issue of wind direction estimation from SAR images is not new, but the techniques to estimate the wind directions from SAR [13] [14] [15] [16] [17] [18] [19] [20] are not exhaustive yet.
This paper has the main objective of illustrate and test the 2D-CWT used to extract the wind directions from the SAR images. It is structured as follows: Section 2 summarizes the SAR images used in this work providing a brief description of the areas considered and of the data used to compare the results. Section 3 describes the technique to extract the wind direction from SAR images. The results are provided in Section 4, focusing both on the comparisons with model, in situ and scatterometer wind directions, followed by the discussion and conclusions in Sections 5 and 6.
The SAR Images
The 69 SAR images used in this work are from the following satellites: COSMO-SkyMed (CSK) of the Italian Space Agency [21] , Radarsat-2 (RS2) of the Canadian Space Agency [22] , both obtained in the framework of the COSMO-SkyMed/RADARSAT-2 Initiative of the Italian Space Agency and the Canadian Space Agency, Envisat ASAR and Sentinel-1A (S1A, B) of the European Space Agency [23, 24] , all at vertical transmit and vertical receive (VV) polarization. The CSK images are Stripmap Himage; the RS2 Scansar Narrow images; the Envisat Advanced SAR Wide Swath (ASAR) images; and Sentinel-1A, the level-1 high-resolution (HR) ground range detected (GRD) interferometric wide swath (IW) images. Their main characteristics are reported in Table 1 . COSMO-SkyMed (CSK), Radarsat-2 (RS2), Sentinel-1A,B (S1A,B).
The images have been selected essentially in three coastal areas of the Mediterranean Sea (Figure 1 ), i.e., the northern Adriatic Sea, the Bonifacio Strait and the Oristano Gulf, according to the availability of the in situ data and the occurrence of moderate to strong wind conditions. Few images in the Levantine Basin have also been considered. They represent a large variety of possible geophysical conditions in these areas, as shown in Figure 2 , which reports the statistical distributions of the wind speed, air-sea temperature difference ∆T and wind direction from the analysis fields of the European Centre for Medium-range Weather Forecasts (ECMWF) model related to the SAR images used in this work. The big deal of images has winds from 7 m/s to 10 m/s, but about ten have winds less than 6 m/s and greater than 10 m/s. The stability conditions present at the SAR overpasses were essentially neutral (−1 < ∆T < 1) with, however, a consistent number of images taken under unstable air-sea conditions. Finally, the wind direction distribution reflects that of the Mediterranean Sea, where the most probable winds come from the western quadrants [2, 25] . Among them, 26 refer to the Bonifacio Strait, 20 to the Oristano Gulf where wind in situ data are available [26, 27] and 11 to the northern Adriatic Sea.
The Bonifacio Strait, dividing Sardinia from Corsica islands, is mainly subjected to northwesterly winds which are often funnelled by the strait producing high winds in its eastern part [28, 29] ; the Gulf of Oristano is a semi-enclosed bay located along the western coast of Sardinia island (Western Mediterranean Sea), mainly subject to winds from the northwest (mistral, ≈43%) and from the southeast (Sirocco, ≈18%), according to the statistics obtained from almost 16 years of scatterometer wind data (2000-2015) [26] ; the strongest winds in the northern Adriatic Sea are the northeasterly Bora and the southeasterly Sirocco, occurring mainly in Autumn and Winter, the former classified as an orographic wind [30] , the latter often associated with a low pressure centred in the Tyrrhenian Sea or in the Gulf of Genoa, producing the well known storm surges in the city of Venice.
The Method to Extract the Wind Direction from SAR
The methods used in this work to estimate the wind directions over the sea area by SAR refines the technique described in [13, 14] by using a full 2D-CWT. This method is applied to a SAR image to obtain the wavelet spectrum, which is the map of energy as a function of angle (from -90 to 90 degrees, which is the fourth and the first quadrant of the Cartesian coordinate system) and scales chosen in the range between 200 m to 2500 m. The choice of scales length roughly corresponds to the wind frequency range between 10 −2 and 10 −3 Hz, where the small scale maximum of the wind spectra lies (see [10] , p. 85). The scales and angles of the maximum wavelet spectrum are then selected and used to reconstruct the SAR image, which will contain only the spatial features at those scales and angles, i.e., the features of the wind imprint of the sea surface, typically backscatter cells elongated in the wind direction. The reconstructed image is then used to make evident the backscatter cells related to the wind, from which the aliased wind direction is evaluated from the direction of the cells' major axis.
The 2D-CWT
In the following, to briefly introduce the 2D-CWT, we follow the formalism of [31, 32] , to which the interested reader is addressed.
The Two-Dimensional Continuous Wavelet Transform S of a two-dimensional function s(x x x) ≡ f (x, y) (an image) is a local transform with respect to the mother wavelet ψ depending on the parameters b b b, the displacement, a, the dilation or scale, and θ, the rotation, obtained by the scalar product of s and ψ, i.e.,
where the asterisk denotes complex conjugation.
∞ is a constant satisfying the admissibility condition andψ is the Fourier transform of ψ.
Since we need a directional and thus anisotropic mother wavelet, we have used in this work the 2D Morlet wavelet
where |k 0 k 0 k 0 | ≥ 5.6 and ≥ 1 is the anisotropy parameter. The Morlet mother wavelet has the advantage, with respect to other anisotropic mother wavelets like, for instance, the Cauchy, to have a definite relationship between dilation scales and wave numbers: this permits defining the scales length on a geophysical basis and to convert them to dimensionless dilation scales for the computation.
The angles θ considered are from 0 to π at steps of π/18. Therefore, for each couple of θ and a, the wavelet coefficient
is related to the local energy of the original image.
Among the possible representations of the four variables wavelet transform (Equation (1)), there is the relative scale-angle energy density [32] ,
where M(a, θ) is the scale-angle energy density given by
As in [32] , ... Whereas M(a, θ) gives the distribution of energy at different scales and directions, Z(a, θ) gives the relative distribution at different directions at a particular scale with respect to the total energy at that scale..., revealing more efficiently the scale-space anisotropic behaviour of the signal (the SAR image in our case).
Since we are interested in identifying the directions of the most energetic backscatter structures, we have used the relative scale-angle energy density Z(a, θ) (Equation (3)) to find and select the scales and angles to reconstruct the SAR image. The resulting map of Z(a, θ) may be very different according to the geophysical phenomena imaged, i.e., ocean gravity waves, swell, atmospheric gravity waves, katabatic winds and so on. In general, all the geophysical phenomena with scale lengths inside the range of scales chosen for the 2D-CWT analysis appear in Z(a, θ). An example is provided in Figure 3 , which reports the relative scale-angle energy density Z(a, θ) (left panel) of the Sentinel-1A SAR image shown in the right panel. The energy density map, reported as a function of angles expressed in degree with respect to the geographic north (abscissae) and the scales in meters (ordinates) used in the 2D-CWT analysis, shows several relative maxima: the larger one, falling around 315 • and 2600 m, accounts for the presence of the wind streaks visible in the western part of the image. The second one, falling at ≈ 40 • and 600 m, probably accounts for the sea wave fronts roughly perpendicular to the wind direction. Figure 1 ). Z(a, θ) has been plotted as a function of the angles expressed in degree respect to the geographic north (abscissae) and the scales in meters (ordinates) used in the Two-Dimensional Continuous Wavelet Transform analysis. In the left panel, the stars indicate the scales and angles selected for the image reconstruction and the circle the spectrum maximum value.
However, the method does not depend on the presence of wind rolls but on the backscatter structures at spatial scales smaller than them. As emphasised in [5] , the wind rolls are organized as pearls on a string, and these pearls are those detected by the 2D-CWT method. This implies that the method is working well also when the wind rolls are not present, as in many SAR images analysed in this work.
Choice of the Scales and Angles and Image Reconstruction
Once the relative scale-angle energy density Z(a, θ) is obtained, we have to select the scales a and angles θ relative to the wind structures, with the aim of reconstructing the SAR images with only these scales/angles, in order to make evident the shape and the layout of these structures. This is accomplished taking the scale and angles exceeding the value of the 95% quantile of Z(a, θ), with the constraint that their location must form a spatially connected ensemble.
The sum of the wavelet coefficients S(b b b, a, θ) at the scales a and angles θ selected gives the reconstructed image R im (x, y), which, after a clipping procedure, makes evident the structures with the highest energy. The clipping is done as
where σ l is the local standard deviation computed in a sub-area of size corresponding to the maximum scale selected and centred on (x, y). The left panel of Figure 4 reportsR im (x, y) resulting from the analysis of the image shown in the right panel of Figure 3 . It provides the shape of the most energetic structures related to the wind (wind cells), resulting in being broadly elliptic with the major axis aligned to the wind direction. Note the different cells' density in the western and eastern parts of the strait: as the wind is from the northwest, the eastern part of the strait is shielded by the islands. Thus, the wind is lower and the cells less developed. This is a clear indication that the density and shape of the wind cells are dependent on the wind strength. The aliased wind directions, obtained from the major axis orientation of the wind cells, are reported in the right panel of Figure 4 . The spatial resolution of the wind cells is not regular, i.e., the backscatter cells linked to the wind are detected where they are located and not according to an a priori fixed spatial resolution. Hence, it is possible only to provide an effective spatial resolution of the resulting fields from the number of wind directions derived by the 2D-CWT. In the case of the image from Figure 4 , this is of ≈3.2 km.
Furthermore, not only the aliased wind direction can be extracted from the results of the 2D-CWT analysis, but also the size of the backscatter cells and their spatial density. This information can be used to investigate their dependence on the wind speed, atmospheric stability and fetch, gaining new insights about the spatial structure of the marine atmospheric boundary layer.
Operational Methodology
The images have been under sampled to ≈100 m prior to being analysed by the 2D-CWT, in order to avoid the signal of the ocean gravity waves, if present, entering into the analysis. This signal due to waves is usually more energetic than the signal of the wind. The 2D-CWT analysis is performed on the SAR images in dB and the relative scale-angle energy density Z(a, θ) obtained. The scales and angles of the energy spectrum around its maximum value exceeding the 0.95 quantile are then selected and used to get the clipped image reconstructionR im (x, y). From the structures evidenced inR im (x, y), the aliased direction is computed. De-aliasing is performed according to the ECMWF mean wind direction over the area.
Results
For all areas, the results are provided in terms of comparison between the SAR derived and the ECMWF wind directions averaged over the area imaged by SAR. The ECMWF data are the analysis winds supplied every six hours (12:00 a.m., 6:00 a.m. GMT...), temporally interpolated to the satellite pass time. In this comparison, we have to remind readers that in coastal areas the wind directions from global models are often only roughly representative of the actual wind directions, essentially due to the models' real space resolution [2, 27] .
When available, satellite scatterometer wind data, i.e., the NASA QuikSCAT [33] and the EUMETSAT Advanced SCATterometer (ASCAT) a and b [34] at 12.5 km spatial grid, have also been used for comparisons. Only the scatterometer data falling in the time window ± 2 h from the SAR pass time have been selected. We have to point out, however, that comparisons with scatterometer data refer to offshore areas, as scatterometers do not provide winds closer than ≈ 20 km from coast.
The SAR directions in the Oristano Gulf are compared also with the available in situ data, collected from 2014 to 2016 in the framework of the RITMARE Italian project [26, 35] .
In addition to the scatter plots, also the SAR vs. ECMWF, in situ and scatterometer direction statistics is reported in terms of the bias B θ , the Root Mean Square deviation RMS θ and the linear correlation R θ . RMS θ has been computed following [36] , and R θ following [37] . R θ ranges from 0 (no correlation) to 2 (perfect correlation).
SAR Derived versus ECMWF Wind Directions
For each image, the ECMWF wind direction data falling in the image have been selected and averaged and then compared with the SAR derived wind direction average. Due to the different spatial resolution of these data, it does not make sense to compare the data point to point.
The left panel of Figure 5 reports the scatter plot between the SAR and ECMWF mean wind directions along with their standard deviation. Note that ECMWF data sometimes have a low standard deviation due to a small amount of data falling into the area imaged, a number one order of magnitude smaller (20 in average per image) than that of the SAR winds. However, in general, the wind direction variability is larger from the SAR than from the ECMWF data (14 • and 9 • , respectively), confirming the results obtained in [27] using a limited area atmospheric model. In that paper, it was shown that the SAR directions variability is close to that derived from in situ data.
The comparison is very satisfactory, the correlation is high (R θ = 1.78), and the mean bias is
A more detailed analysis of the results is provided by the distribution of the SAR minus ECMWF wind directions provided in the right panel of Figure 5 : for 83% of cases, the difference is < ±20 • , for 92%, < ±30 • . Only in three cases (5%) is the direction difference greater than 50 • . 
SAR Derived versus In Situ and Scatterometer Wind Directions
The in situ winds have been derived from the network of five three-axial anemometers installed on the Oristano Gulf coast, a few meters from the sea [26] . They measured the three components of the wind continuously at 1 Hz sampling.
The comparison between time and space dependent data is never an easy task. For those between the SAR derived and the in situ directions, a fixed spatial window S w = 4000 m has been chosen, roughly corresponding to one fourth of the Oristano Gulf size, while a varying temporal window has been derived according to the wind speed w s , i.e., T w = S w /w s . This time window has been used to compute the mean values of the measured wind directions centred at the SAR pass time; the mean SAR directions have been obtained averaging the wind direction falling in the areas of S w radius centred at each in situ site. The mean values of the in situ wind directions have been obtained over a T w time window positioned before or after the SAR pass time depending if the wind blew from sea to land or vice-versa. The resulting comparison, shown in the left panel of Figure 6 , is satisfactory, with B θ = 7 • and RMS θ = 24 • and R θ = 1.70. Here, we have to note that the in situ winds were measured at the sea-land interface, while the SAR ones were measured over the sea. Therefore, some discrepancies may arise from the different nature of the data.
As noted before, scatterometer winds never cover the entire area images by SAR because they do not sense the coastal areas. The mean values of SAR wind directions used here are therefore a sub-set of those retrieved, whose area overlaps that of the scatterometer data. As for the ECMWF data, the mean values in the overlapping areas have been compared. The right panel of Figure 6 reports the SAR versus scatterometer wind direction averaged in the overlapped area along with their standard deviation. The scatterometer mean values are derived from few data (20 in average per image), while the SAR winds are one order of magnitude larger. The statistics provides B θ = 11 • and RMS θ = 18 • and R θ = 1.78. 
Discussion
The 2D-CWT method used to estimate the wind direction from SAR images provides satisfactory results, both in areas few kilometres from coast like the Gulf of Oristano and offshore. It is reliable as it produces good estimates no matter which is the satellite SAR, hence which is the original pixel size and the SAR viewing parameters. Furthermore, even if only five X-band images have been used in this work, it seems that the SAR frequency does not influence the 2D-CWT results. The results are good despite the different nature of the wind data to which the SAR wind directions have been compared.
However, there are few cases where the wind directions estimated by the 2D-CWT seem to differ significantly from the external wind directions such as those from atmospheric models and satellite scatterometer. Let us analyse a case of them, that of a Sentinel-1B image over the northern Adriatic Sea, reported in the top left panel of Figure 7 . The SAR image is characterized by two different backscatter signatures areas, divided by a front-like roughly starting at 45 • N, 12.5 • E. In the northern part, large signatures of atmospheric gravity waves, often associated with the northeasterly wind, are visible, while the southern part the classic wind rolls are present. The SAR wind directions obtained by the 2D-CWT are reported in the top right panel. For this case, the comparison with the ECMWF produces the isolated point at about 140 • and 80 • (see the left panel of Figure 5 ). The meteorological situation present at the SAR pass time, typical of this area, is shown in bottom left panel of Figure 7 , which reports the wind field from ECMWF temporally interpolated at the SAR pass time: a strong southeasterly wind is blowing in the southern part of the area, while a northeasterly in its northern one. There are two wind systems coexisting, the Sirocco in the southern and the Bora in the northern part of the images area. Also the ASCAT winds taken two hours later than the SAR pass time (7.09 p.m. GMT), shown in the bottom right panel of Figure 7 , report this situation, however without showing a clear discontinuity. The SAR wind directions do not follow the sharp bending of the wind, shown in the ECMWF field. In the present formulation, the 2D-CWT is unable to provide accurate wind directions of the sharp bending fields: this is a rather general shortcoming of this methodology, which must be solved with further work.
The determination of the wind direction from SAR, hence of the wind field if the radar backscatter-wind speed models are available, is important in the coastal areas, where the short-term prediction of the main hydrodynamics such as the sea water temperatures and salinity, water currents, wind wave height and so on by means of numerical modelling techniques is strongly sensitive to the spatial and temporal variability of the wind. The SAR is able to provide the spatial variability of the wind over the sea in a unique way. In [27] , it was shown that even the high resolution regional models are unable to provide details of the wind spatial layout similar to those provided by SAR, and that the spatial variability of the SAR winds is compatible with that derived from the in situ data. To illustrate these capabilities, an example of northeasterly wind in the northern Adriatic Sea as described by ECMWF and by SAR directions is shown in Figure 8 , which reports the SAR derived directions overlapped by those from ECMWF (bold arrows) on the 6 February 2017 at 4:58 p.m. GMT.
It is easy to appreciate the quality of details provided by the SAR directions in contrast with the smooth field provided by ECMWF. In particular, the wind direction estimates very close to the coast and also inside the Venice lagoon are the added value brought by the SAR winds.
The last comment concerns the nature of the data used for comparisons with the SAR wind directions. The atmospheric model data are known to have problems in description of coastal winds [2, 38] , essentially because of their real spatial resolution. In particular, those used in this paper, available at six-hour intervals, have been temporally interpolated at the SAR pass time, a fact that may introduce errors in fast changing winds. This remark applies also to scatterometer data, taken ±2 h from the SAR pass time. The in situ data were measured very close to the sea but over land; therefore, they cannot be fully representative of the winds over the sea. The wind directions at the SAR pass time over the sea are virtually unknown, and the figures provided by SAR are highly valuable, even not properly validated. Ad hoc campaigns would be necessary to validate the 2D-CWT method proposed in this paper.
Conclusions
The 2D-CWT method is one of the few techniques able to evaluate the wind directions from SAR images without any external information; an external information is needed only to de-alias the directions, but it does not influence either their layout or their value. Its performance does not depend from the satellite and seems also not to be sensitive from the SAR radar frequency. It may depend, however, from the size of the area imaged, as in large areas the wind directions are less spatially uniform than the small ones.
This technique permits evaluating the wind direction, necessary to invert the σ 0 vs. wind speed relationship, directly from the radar signatures present in the image, without any external wind direction information. This is particularly important in coastal areas, where the wind directions from atmospheric models, usually used to this aim, may be not fully reliable, as discussed in [2] . Therefore, the use of model wind directions to derive the SAR wind field is highly inadvisable in coastal areas.
The wind field determination from SAR images cannot prescind from a trusted methodology to estimate the wind direction. The results of this work indicate that the 2D-CWT technique is reliable enough to be a necessary step toward the determination of the wind field. This can open the possibility of using the SAR derived wind fields to study the characteristics of the marine atmospheric boundary layer, as the spectral shape of the wind under different geophysical situations, the spatial distribution and size of the backscatter/wind cells under different stability and wind regimes, the spatial variability of the wind speed.
